The expression of CD4 antigen on the surface of LeuM3-positive human blood monocytes was found to be variable with 65 to 90~ of cells from 46 normal human volunteers being positive by dual staining flow cytometry. When monocytes adhered to plastic (but not when cultured on Teflon), a marked decrease in CD4 expression was observed between 1 and 24 h post-adherence. CD4 expression could not be detected in macrophages adhered to plastic for 5 days by using four anti-CD4 monoclonal antibodies in flow cytometry or direct immunofluorescence. Conversely an increasing proportion of adherent cells expressed LeuM3 and OKM5 surface antigens over the 5 days. CD4 mRNA levels were measured by slot-blot and Northern hybridization, and total cellular CD4 protein levels by immunoprecipitation. Both cellular mRNA and 'CD4 levels remained constant throughout the 5 day period but membrane CD4 protein levels were greatly reduced indicating that the down-regulation of CD4 was posttranslational. Infection with two of six fresh human immunodeficiency virus (HIV) isolates showed different kinetic patterns when tested on purified monocytes recently adhered to plastic and macrophages adherent for 5 days. HIV antigen and reverse transcriptase levels in infected monocyte cultures remained high for 3 to 4 weeks before detachment and necrosis of the cells occurred. Infection of macrophages generated much lower levels of antigen and reverse transcriptase which declined to very low or undetectable levels over 2 weeks, leaving persisting viable macrophages. One week after infection HIV nucleic acid was detected in 69 + 7~ of monocytes and 6 + 3~ of macrophages by in situ hybridization. Blocking experiments with anti-Leu3a monoclonal antibody suggested that HIV infection of 5 day adherent macrophages occurred mainly by a mechanism other than binding to CD4.
INTRODUCTION
Human immunodeficiency virus (HIV) infection of monocytes and macrophages plays an important part in the pathogenesis of AIDS and the neurological consequences of infection with this virus (Ho et al., 1987) . Macrophages are the major infected cell types in brain (together with microglial cells) (Koenig et al., 1986; Vazeux et al., 1987) and in bone marrow (Gartner et al., 1986; Ho et al., 1987) . Pulmonary alveolar macrophages are also infected in vivo (Salahuddin et al., 1986) . Monocytes probably carry the virus into the brain. In vitro, HIV has been reported to infect both monocytes and macrophages and the monocytoid cell line, U937 (Ho et al., 1986; Folks et aL, 1987) . The 57K non-polymorphic CD4 molecule acts as the receptor for the virus on both CD4 + T lymphocytes and the monocyte/macrophage lineage (Dalgleish et al., 1984; washed five times in PBS-PMSF. The bound material was eluted in 100 ~tl SDS buffer by incubation for 3 min in boiling water. The eluted material was analysed on a 12~ polyacrylamide gel, dried and autoradiographed at -70 °C .
HIV infection ofmonocytes and macrophages. Adherent monocytes or macrophages (2 × 106) in RPMI medium with 10~ FCS and 10~ human serum in cluster well plates were inoculated with cell-free H|V isolates at 100000 c.p.m./ml of reverse transcriptase (RT) activity (10a/TCIDs0 on MT4 cells) and allowed to adsorb for 5 h before complete aspiration of medium and addition of fresh medium. Ninety ~ of the medium was replaced every 3 days and the supernatants were stored for quantification of HIV.
Detection of HIV infection. Cell culture supernatants were assayed at 3 day intervals for HIV antigen (HIV antigen assay; Abbott Laboratories) (Goudsmit et al., 1986; Newell et al., 1987) . This assay detects predominantly the HIV p24 protein. In our laboratory the HIV p24 protein concentration in pg/ml was proportional to the absorbance in the ELISA and the cutoff (threshold) in absorbance corresponded to a limit of detection of HIV p24 of 9 pg/ml and 1.00 A unit to 200 pg/ml of HIV p24, based on serial dilution of the positive control (stated to contain 200 pg/ml of HIV p24). Results were confirmed by particle-associated RT assays (Hoffman et al., 1985) .
In situ hybridization for HIV nucleic acid. Monocytes or macrophages grown on microscope slides (Labtek) were fixed in 4 ~ paraformaldehyde in PBS for 5 min at room temperature, rinsed in PBS and incubated in 0-25 ~o acetic anhydride in triethanolamine for 10 min followed by dehydration in graded ethanol (70 90-100~). The slides were hybridized for 16 to 18 h with 5 ng/ml of the SstI-Sstl fragment of pBH10, radiolabelled with 32p. The hybridization mixture (3.5 p.l) contained 50~ formamide, 500 ~tg/ml salmon sperm DNA, 2 x SSC, 100 mM-Tris, 20 mM-dithiothreitol and 0.02~ BSA-Ficoll-polyvinylpyrrolidone. The slides were washed twice for 60 rain in 2 x SSC at room temperature, 10 min at 56 °C in 0.1 x SSC, twice for 60 min at room temperature in 0.1 x SSC and then dehydrated in graded ethanol. They were then coated with liquid emulsion (Ilford L4) and incubated in the dark for 2 to 4 days at 4 °C. Finally they were developed in D-19 developer (Kodak), fixed in Ilford Hypam, counterstained with haematoxylin and eosin and examined by light microscopy (Harper et al., 1986) .
RESULTS

CD4 antigen expression by normal blood monoeytes
Blood mononuclear cells from 46 normal volunteers were dually stained with PE-conjugated anti-LeuM3 and FITC-conjugated anti-Leu3a. Of the LeuM3-positive monocytes 89 _+ 8~ (mean + 1 S.D.; range 65 to 100~) expressed CD4, mostly at low density (low fluorescence intensity). Two patterns of expression were noted; 85~ demonstrated biphasic staining, with low intensity staining being dominant (Fig. la) . The population of higher intensity CD4-positive, LeuM3-positive cells were not T lymphocytes according to 0 ° and 90 ° light scatter by flow cytometry, nor were they monocyte T lymphocyte doublets on checking by immunofluorescence. The other 15 ~ showed monophasic low intensity staining. The elutriated, T lymphocytedepleted monocytes expressed CD4 in similar proportions, intensity and patterns; there was no selective distribution of the monocyte population with higher density CD4 expression according to density or size. In contrast, 94 to 96~ of U937 monocytoid cells, used as positive controls, demonstrated high intensity CD4 expression similar to that of T lymphocytes (data not shown).
The eflbct of adherence to plastic or Teflon on monocyte and macrophage CD4 expression
Blood mononuclear cells, enriched for monocytes by two cycles of adherence to plastic Petri dishes coated with FCS, or monocytes purified by elutriation with complement-dependent cytotoxicity were allowed to adhere to plastic wells or Teflon-coated vials. Over 5 days the plastic-adherent monocytes enlarged (approximately fivefold in diameter) and differentiated into actively phagocytosing macrophages (Hopper et al., 1986) but the monoeytes cultured in suspension in Teflon jars enlarged less than twofold in diameter.
CD4 expression by plastic-adherent monocytes and macrophages from four subjects was examined by staining with anti-Leu3~FITC and flow cytometry after detachment with EDTA (Fig. 2 a) . A marked decrease in expression occurred between 1 h and 1 day of adherence with no detectable expression at 5 days [mean fluorescence intensity for CD4 expression was 136 +_ 15 (+ 1 s.o.) fluoreseein units at 1 h and 83 _+ 13 at 1 day] (Fig. 1 b, c) . In addition CD4 antigen expression on macrophages adhered for 5 days could not be detected in a further five subjects (data not shown), by flow cytometry using FITC-conjugated anti-OKT4, anti-OKT4a or anti° Leu3b monoclonal antibodies or by direct examination with an immunofluorescence 
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[] microscope using these commercial antibodies and an undiluted FITC-conjugated anti-CD4a monoclonal antibody. (Incidentally it was noted that many commercial prepartions of FITCconjugated goat anti-mouse antibody used in indirect immunofluorescence bound nonspecifically to macrophages.) Forty to 70~ of cells detached during the 5 days but the proportions of LeuM3-positive, CD4-positive and CD4-negative monocytes in non-adherent and adherent populations were similar and could not account for the decreased CD4 expression. This phenomenon was not generalized to all surface markers as the proportion of monocytes expressing LeuM3 and OKM5 slightly increased over the 5 days (LeuM3 from 70 to 75 ~ to 85 to 95~; OKM5 from 65 to 70~o to 80 to 90~) (data not shown). This increased proportion of LeuM3 ÷ OKM5 ÷ cells in the enriched populations was mainly due to progressive elimination of contaminating lymphocytes. The same pattern of CD4 loss was noted after purification by elutriation and complement-dependent cytotoxicity of monocytes that adhered to plastic (data not shown). Enriched populations of monocytes cultured in Teflon vials did not show this marked decrease in CD4 expression, as previously reported (Crowe et al., 1987) . In four of four subjects the mean fluorescence intensity of LeuM3-positive monocytes in blood mononuclear cells after 5 days of culture in Teflon vials increased (105 + 9 to 122 + 12 units) and the unimodal shape of the curve demonstrating CD4 expression did not change significantly; Fig. 1 (a) and (d). However the stronger autofluorescence of the 5 day population overlapped the CD4 expression curve to varying degrees ( Fig. I d and 2b) . Allowing for this effect we interpreted these results to show that there was no significant decrease in the proportion of CD4 + monocytes after culture in Teflon (from 70 to 97~o, to 62 to 96~o). No such difficulties with interpretation were encountered with plastic-adherent monocytes where loss of CD4 expression was usually complete at day 1, i.e. before the autofluorescence of differentiating macrophages increased. Similar results were obtained with purified populations of monocytes (data not shown). The proportion of mononuclear cells expressing LeuM3 in enriched populations decreased from between 66 and 73~ to between 40 and 49~.
Detection of CD4 mRNA in lysates of monocytes and macrophages by hybridization with a CD4 cDNA probe RNA was extracted from purified monocytes and macrophages after 1 h and 5 days adherence to plastic, and hybridized with the CD4 probe in slot blots. Equivalent autoradiographic intensity (Fig. 3 a) for the 1 h and 5 day preparations (confirmed by densitometry) suggested that there was little difference in CD4 gene expression between recently adherent monocytes and 5-day-old macrophages. The results were similar when the amount of RNA extracted from the cells was standardized before hybridization (data not shown).
The probe was shown to be specific for CD4, under the conditions used, by its failure to hybridize with RNA extracted from fibroblasts which do not express the CD4 gene, and by the detection of the characteristic 3.5 kb mRNA in a Northern blot (Fig. 3b) .
Comparison of total cellular or membrane CD4 in monocytes and macrophages
CD4 present in lysates of equal numbers of [35S]methionine-labelled monocytes and macrophages was immunoprecipitated with anti-OKT4a and OKT4 monoclonal antibodies. As determined by densitometry, approximately equal quantities of CD4 were immunoprecipitated from blood monocytes and plastic-adherent macrophages (data not shown). However, with lactoperoxidase-labelled preparations, the quantity of membrane CD4 immunoprecipitated from the macrophages was greatly reduced and barely visible compared with monocyte preparations (Fig. 4) .
HIV infection of plastic-adherent monocytes and macrophages
Only two of six HIV strains freshly isolated from blood mononuclear cells successfully infected recently adherent purified monocytes or 5-day-old macrophages. These two strains (W36 and W43) were used for kinetic studies. HIV antigen levels, quantified by commercial and laboratory ELISAs, remained constant in undisturbed growth medium for more than 5 days but declined to undetectable levels within the same period under the conditions of medium Fig. 3 . Detection of CD4 mRNA in monocytes and plastic-adherent macrophages. RNA was extracted from 1 × 106 to 2 x 106 monocytes (purified by elutriation and OKT3 complement-dependent eytotoxieity) before adherence to plastic. RNA was also extracted from 1 x 106 to 2 x 106 macrophages which had been detached from plastic with 0"270 EDTA after 5 days incubation. (a) Cellular RNA was transferred to nitrocellulose/nylon, hybridized with a nick-translated human CD4 cDNA probe, washed and exposed to autoradiographic film for 2 days. Equal cell numbers were used in the 1 h (1) and 5 day (2) preparations. (b) Cellular RNA was resolved on a 1.2~ agarose gel, transferred to Hybond and hybridized with the human CD4 eDNA probe. Markers were 2.0 and 4.5 kb. The CD4 probe hybridized with a band of RNA of approximately 3-5 kb, consistent with its size in T lymphocytes (Maddon et at., 1986) . replacement used in these experiments. Monocytes infected at 1 h and within 1 day of plastic adherence developed high extracellular titres of HIV (Fig. 5) , persisting for 3 to 4 weeks before declining to undetectable levels at 4 to 5 weeks. RT activity paralleled HIV antigen levels (data not shown). Extracellular HIV could be passaged from both infected monocytes and macrophages into lymphoblastoid MT4 cells. The decline coincided with detachment and necrosis of monocytes but without detectable giant cell formation. The levels of HIV antigen and RT activity generated by infected 5-day-old macrophages was always much lower than with the infected monocytes and sometimes decreased to undetectable levels over 2 weeks.
Proportions of HIV-infected monocytes and macrophages detected by in situ hybridization
Seven days after inoculation with HIV (100000 c.p.m./ml, 104 TCIDs0/ml), the percentage of infected monocytes and macrophages was determined in three separate experiments by counting 300 cells. Whereas 69 +_ 7 ~o of monocytes were labelled, only 6 +_ 3 ~o of macrophages showed evidence of infection. Infected cells were heavily labelled (Fig. 6) and grain counts were similar between monocytes and macrophages (median 20 to 25/ce11). No labelling of uninfected cells was observed. 
Inhibition of HIV infection with anti-Leu3a monoclonal antibodies
To d e t e r m i n e w h e t h e r H I V entry into 5-day-old m a c r o p h a g e s m i g h t still occur via C D 4 receptors expressed at very low density (below the t h r e s h o l d of flow cytometry), a n t i -C D 4 m o n o c l o n a l a n t i b o d i e s (anti-Leu3a or a n t i -O K T 4 ) at 1/20 a n d 1/50 dilutions were i n c u b a t e d with duplicate cultures of 1 h a d h e r e n t m o n o c y t e s or 5"day a d h e r e n t m a c r o p h a g e s , e a c h f r o m three different subjects, for 1 h before inoculation with HIV. Virus inocula and antibodycontaining media were gently aspirated to dryness before replacement with growth medium containing anti-Leu3a or anti-OKT4 at a final dilutiOn of 1/50. HIV antigen levels at day 7 are shown in Table 1 . Anti-Leu3a significantly reduced peak extracellular HIV antigen levels produced by monocytes by 53 to 89~ (Sattentau et al., 1986) but no significant inhibition was observed in macrophages (range 0 to 17~).
In two other experiments there was a more marked difference between extracellular HIV antigen produced by monocytes and macrophages than shown in Table 1 (0.544 and 0-008 compared to 0.189 and 0.005, and 1.040 and 0.011 compared to 0-186 and 0.007). In these experiments anti-OKT4 monoclonal antibody did not inhibit HIV infection of monocytes or macrophages (data not shown).
DISCUSSION
In this study we examined the expression of CD4 antigen by blood monocytes and plasticadherent macrophages and compared these results with extracellular HIV levels generated by these cells after infection. The low intensity CD4 expression of monocytes is consistent with previous studies (Wood et aL, 1983) . However, in addition, we noted that the majority of subjects also had minor populations of monocytes with a moderate density of membrane CD4 which were still not as intensely stained as CD4 ÷ T lymphocytes. The proportion of blood monocytes that were CD4 + varied among different donors although the differences were probably of insufficient magnitude to influence susceptibility to HIV infection significantly. The marked decrease in CD4 expression by monocytes after adherence to plastic (which activates macrophages) was an unexpected finding and initially seemed at variance with one previous report where 30~ of macrophages were said to express CD4 (Gartner et aL, 1986) . We could not demonstrate CD4 expression by 5-day-old (and almost all 1-day-old) macrophages despite staining with four anti-CD4 monoclonal antibodies (one of which was supplied in undiluted form), and using flow cytometry and immunofluorescence under conditions that dearly stained T lymphocytes. However, our observation that three commercial preparations of goat FITCconjugated anti-mouse antibodies stained macrophages non-specifically may explain the discrepancy. Culture of monocytes in Teflon vials produced results similar to those of Crowe et al. (1987) where the proportion of CD4-expressing monocytes remained stable and the proportion expressing LeuM3 decreased.
There are several possible explanations for the observed loss of CD4 expression. (i) Decreased density of CD4 associated with an increase in membrane surface area and adoption of a more convoluted configuration. This was not supported by the observed slight increase in expression of other surface markers, nor by the lack of coincidence in timing between decreased CD4 expression (0 to 1 days) and the major size increase in macrophages which occurred between 1 and 5 days. (ii) Selective detachment of CD4 + monocytes. The estimates of monocyte detachment could not explain the abrupt decrease in the proportion of CD4-expressing cells between 1 h and 1 day post-adherence. (iii) Reduced transcription of the CD4 gene. This was not observed in RNA from monocytes at various stages of adherence to plastic. (iv) Reduced translation of CD4 mRNA. This was not observed after immunoprecipitation of metabolically labelled total cellular CD4. (v) A post-translational decrease in membrane expression of CD4 occurring through changes in CD4 molecular conformation. Our semi-quantitative estimates of the levels of monocyte and macrophage CD4 mRNA and total cellular CD4 protein, which did not change over the 5 days, support this alternative. Crocker et al. (1987) also detected CD4 m RNA in macrophages alter prolonged adherence to plastic. Our surface labelling experiments clearly showed a reduction in expressed CD4 to negligible levels in macrophages adherent for 5 days, supporting the flow cytometry results. Such a post-transcriptional decrease in CD4 expression has been observed with phorbol ester (PMA or PDB) treatment of T lymphocytes, lymphoblastoid cell lines (Acres et al., 1986; Hoxie et al., 1986) , U937 monocytoid cell lines (Acres et al., 1986) and monocytes (unpublished observations). These compounds phosphorylate the cytoplasmic tail of the CD4 molecule, leading to endocytosis, internalization and staining as fluorescent submembranous granules. Such changes are enhanced by membrane alterations (Acres et al., 1986; Hoxie et al., 1986) and, in U937 cells, are associated with differentiation into macrophage morphology and development of the ability to adhere strongly to plastic (Clapham et al., 1987) . In monocytes, the concentration of internalized CD4 may be insufficient for detection. Recently Fields et al. (1988) also showed that entry of HIV into cloned CD4 ÷ lymphocytes produced phosphorylation of CD4 (probably via protein kinase C) although this has since been disputed (Hoxie et al., 1988) .
It should be noted that macrophages in vivo continue to express CD4 as detected by immunoperoxidase staining (Wood et al., 1983) , which suggests fundamental differences in the microenvironment (including lymphokines) and in the processes of differentiation on plastic, Teflon and in tissue. The adherence of monocytes to plastic results in their activation, as shown by increases in beta-glucuronidase activity, plasminogen activator levels and superoxide anion generation in comparison with monocytes cultured in Teflon vials (Kelly et al., 1987) .
The loss of CD4 expression by monocytes after adherence to plastic has important implications for studies of HIV infection of monocyte and macrophages in vitro. Some of the variable findings of HIV yields and cytopathic effect (Gartner et al., 1986; Ho et al., 1986; Nicholson et al., 1986; Ruscetti et al,. 1986 , Salahuddin et al., 1986 ) may relate to the degree of monocyte CD4 expression at the time of infection. In our studies this was clearly important. HIV infection of monocytes which had been adherent to plastic for less than 1 day resulted in production of high extracetlular titres of virus for 3 to 4 weeks, eventually terminated by necrosis of the monocytes, without formation of multinucleated giant cells. These infected monocytes did not enlarge to the same size as control uninfected monocytes probably because the majority of monocytes were infected very soon after inoculation; 69 + 7~ contained HIV RNA or proviral DNA at 1 week post-infection as determined by in situ hybridization. In comparison, HIV infection of CD4-macrophages after 5 days of adherence to plastic produced lower levels of extracellular virus which declined to negligible or very low production by 2 weeks post-infection, despite their viability. Only 6 _+ 3~ of macrophages were infected at 1 week by in situ hybridization. An important question is whether infection occurred via the CD4 receptor expressed at subthreshold levels or via an alternative mechanism (another receptor or by phagocytosis) (McClure et al., 1987; Maddon et al., 1988; Clapham et al., 1989) .
Blocking with anti-Leu3a monoclonal antibody or monoclonal antibodies with the same specificity generally did not inhibit infection, suggesting entry occurred predominantly by mechanisms not mediated by CD4. Such a mechanism of HIV entry into neuroblastoma and rhabdomyosarcoma cell lines in vitro has recently been described (Clapham et al., 1989) . The phenomenon is difficult to prove conclusively (even by using blocking with soluble CD4) and would require identification of another receptor by coprecipitation with HIV gpl20 or gp41. The decline in extracellular virus levels at 2 weeks post-infection could be explained by elimination of a small subpopulation of macrophages susceptible to productive HIV infection and lysis, either through expression of CD4 at low (subthreshold) levels or another receptor. Alternative explanations include the generation of interferons or defective interfering particles (Whitaker-Dowling & Youngner, 1987) .
The eventual lysis of all cells in the HIV-infected monocyte cultures compared with 20 to 30~ viability of macrophages at 3 to 4 weeks is consistent with the proportion of infected cells in each culture and also with the findings of Asjo et al. (1987) that death of monocytoid cell lines was proportional to membrane CD4 expression. This may indicate a direct role for CD4 in cell death or may simply reflect the quantity of HIV entering the cell. The lack of obvious cytopathic effect or formation of multinucleated giant cells in HIV-infected macrophages is consistent with three of four previous studies (Gartner et al., 1986; Ho et al., 1986; Nicholson et al., 1986; Salahuddin et al., 1986) . We also showed that HIV persists within macrophages after extracellular virus production has ceased.
Further investigation of the mechanism of down-regulation of macrophage membrane CD4 and the mode of entry of HIV into CD4-macrophages is proceeding. The low level production of HIV from the latter cells is also an ideal sytem in which to investigate antibody enhancement of HIV uptake through Fc and complement receptors (Robinson et al., 1988; Takeda et al., 1988) , as occurs with flaviviruses, alphaviruses, bunyaviruses, rhabdoviruses and reoviruses (Halstead & O'Rourke, 1977; Porterfield, 1986) . The marked differences in productive HIV infection of fresh blood monocytes and plasticadherent macrophages must also be considered in functional studies of these cells, including HLA class II expression (Petit et al., 1987) , antigen presentation (Lyerly et al., 1987; LeSane et al., 1988) , response to or induction of cytokines (Hammer et al., 1986; Folks et al., 1987) and effect on antiviral function (Richman et al., 1987) . Some studies suggesting that there is little effect on these functions may have been biased by the small percentage of macrophages infected with HIV.
